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ABSTRACT

Low-mode asymmetries have emerged as one of the primary challenges to achieving high-performing inertial confinement fusion
implosions. These asymmetries seed flows in the implosions, which will manifest as modifications to the measured ion tempera-
ture (Tion) as inferred from the broadening of primary neutron spectra. The effects are important to understand (i) to learn to
control and mitigate low-mode asymmetries and (ii) to experimentally more closely capture thermal T;,, used as input in implo-
sion performance metric calculations. In this paper, results from and simulations of a set of experiments with a seeded mode 2 in
the laser drive are described. The goal of this intentionally asymmetrically driven experiment was to test our capability to predict
and measure the signatures of flows seeded by the low-mode asymmetry. The results from these experiments [first discussed in
M. Gatu Johnson et al., Phys. Rev. E 98, 051201(R) (2018)] demonstrate the importance of interplay of flows seeded by various
asymmetry seeds. In particular, measured T, and self-emission x-ray asymmetries are expected to be well captured by interplay
between flows seeded by the imposed mode 2 and the capsule stalk mount. Measurements of areal density asymmetry also indi-
cate the importance of the stalk mount as an asymmetry seed in these implosions. The simulations brought to bear on the prob-
lem (1D LILAC, 2D xRAGE, 3D ASTER, and 3D Chimera) show how thermal Tj,, is expected to be significantly lower than Tj,, as
inferred from the broadening of measured neutron spectra. They also show that the electron temperature is not expected to be
the same as T, for these implosions.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5066435

I. INTRODUCTION

Inertial confinement fusion (ICF) aims to achieve ignition
and burn through laser-driven symmetric compression of cryo-
genically layered capsules of deuterium-tritium (DT) fuel." This
can be done using either indirect drive,”” where the laser beams
are incident on the inner walls of a hohlraum, generating x-rays
which subsequently drive the capsule implosion, or direct
drive,” with the laser beams directly incident on the capsule.
Independent of the approach, low-mode asymmetries have
emerged as a primary challenge to achieving ignition.” *°**
Low-mode asymmetries seed flows in the assembled fuel.”* Ton
temperature (Tjon) from inertial confinement fusion is tradition-
ally inferred from the broadening of energy spectra of neutrons
generated in the DT fusion reactions.”'* Flows seeded by

low-mode asymmetries will manifest as modifications to the
emitted neutron spectra and inferred apparent Ti,,..”'® Uniform
radial or turbulent flows will result in an overall enhancement in
inferred Tj,p,, while asymmetric flows will lead to line-of-sight
(LOS) variations in Tion.” For this reason, measurements of the
neutron spectra from various angles around an ICF implosion
can be used to infer the properties of the flow field in the
implosion.

Ultimately, accurate diagnosis of the implosion flow field
should allow for unambiguous identification of the factors seed-
ing the flows, which is a prerequisite for controlling the low
mode asymmetries and improving the implosions. Controlled
vortex flows have even been proposed as a path to improved
implosions," but such a platform obviously requires a detailed
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understanding of how to initiate and characterize the flows.
Additionally, improved understanding of the impact of flow on
Tion as inferred from measured neutron spectra is also impor-
tant as Tjop is used as input to calculations of the pressure met-
ric used to gauge implosion performance on the road to
ignition."'**" This paper describes a set of direct-drive
OMEGA”' experiments explicitly designed to test our ability to
accurately predict and characterize the impact of low mode
asymmetries on the implosion flow field. Previous experiments
have also involved intentionally asymmetrically driven OMEGA
implosions (see, e.g., Refs. 22-25), but the inference of the
impact of these asymmetries on the implosion flow field and
directional inferred apparent Tj,, has not previously been
attempted. In the experiments discussed in this paper, a mode 2
asymmetry was intentionally imposed by reducing the laser
drive in two opposing cones around the implosion and apparent
Tion measured at angles parallel and perpendicular to the
imposed asymmetry. Comparison of the results from these
experiments with 3D simulations not including the capsule stalk
mount leads to the conclusion that interplay between flows aris-
ing due to different asymmetry seeds impact the diagnostic sig-
natures. In particular, interplay between the imposed mode 2
asymmetry in the laser drive and the intrinsic asymmetry
seeded by the capsule stalk mount appears to describe the
results well, as discussed in Ref. 26. In the present paper, the
results from measurements and simulations of this asymmetry
experiment are discussed in more detail, supporting the conclu-
sion from Ref. 26 and describing many additional more subtle
insights not possible to convey in the limited letter format.

This paper is organized as follows: Section 1I describes the
experimental setup and main results; Sec. I1I discusses the simu-
lation tools brought to bear to interpret the results from the
implosions; in Sec. IV, measured and simulated observables are
compared and the implications of the comparisons are dis-
cussed; and Section V concludes this paper.

Il. EXPERIMENT

Five implosions were executed as part of this experiment:
one symmetric reference implosion with nominally 4507
energy/beam and two implosions each with the mode 2 asym-
metry aligned along two different axes. All implosions used
860-um outer diameter, 15-um thick CH shell capsules filled
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with DT®He gas [Fig. 1(2)]. The asymmetries were designed to
maximize the observable signatures in the LOS of the OMEGA
DT neutron time-of-flight (nTOF) spectrometers operating at
the time of the experiment: a scintillator-based detector 12 m
from the implosion at polar, azimuthal angles 0,9 = 87.9°,161.2°
(12 mntof), a scintillator-based detector 15.8 m from the implo-
sion at 0, =61.3°, 47.6° (15.8 mntof), and a CVD-diamond based
detector 5 m from the implosion at 0,0 = 85.0°,311.8° (5.0
mevd).””*? Figure 1 shows the nominal imposed drive asymme-
tries as simulated using the VisRad code.”” The first asymmetry,
henceforth denoted Asym. A [Fig. 1(b)], was designed with the
energy reduced to 315J in 10 beams each of two opposing cones
nearly aligned with the 15.8 mntof LOS and nearly perpendicular
to the 12 mntof and 5.0 mecvd LOS. The second asymmetry,
henceforth denoted Asym. B [Fig. 1(c)], was designed to “flip” the
asymmetry relative to Asym. A for maximum diagnostic signa-
tures, with the two opposing reduced-energy cones nearly
aligned with the 5.0 mcvd and 12 mntof LOS and nearly perpen-
dicular to the 15.8 mntof LOS. Because of the OMEGA 60-beam
port geometry, the energy had to be reduced in 12 beams in each
cone for Asym. B (with 6 beams reduced to 371J and 6 to 304J) to
achieve an asymmetry equivalent to Asym. A.

Capsule and laser parameters for all five implosions are
summarized in Table 1. Here, the “4nA wall” number represents a
measurement of variation in shell thickness around the targets;
as can be seen, the capsules were measured to be very uniform
with the 4nA wall <0.4 ym for all implosions. The capsules were
held at the target chamber center (TCC) with the TPS2 target
positioner at 0,9 = 37.4°,90.0°, using 17-um diameter SiC stalks
attached with a glue spot. They were imploded using all 60 avail-
able OMEGA laser beams with a 1-ns square laser pulse shape,
with distributed phase plates, and with two-dimensional
smoothing by spectral dispersion® and polarization smoothing™
applied. Under these conditions, on-target illumination non-
uniformity better than 2% rms™ is expected without any exter-
nal perturbations applied. However, previous work has shown
that a number of external asymmetry seeds, including unin-
tended drive asymmetry," unintended capsule misalignment
(offset),”** and the capsule stalk mount,” " can be expected to
modify this picture. The anticipated effect of these factors is
illustrated in Fig. 2, which shows the VisRad-simulated laser
intensity for Asym. A shot 79359 as a function of polar and

820 M 1020 TW/cmz2

FIG. 1. Nominal experiment geometry. (a) 15-um thick CH shell capsules filled with 12 atm DT gas and 6 atm *He gas were used in the experiment. (b) and (c) Mode 2 laser
drive asymmetries were imposed in two different directions, Asym. A and Asym. B. Panels (b) Asym. A and (c) Asym. B show the asymmetries from the same viewing angle
(0 =60°, ¢ = 110°) as simulated using VisRad. The viewing directions of the three primary nTOF detectors relative to the imposed asymmetries are also indicated.
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TABLE I. Laser and target parameters for the five individual implosions performed as part of this experiment. Note that in addition to the CH shell thickness, there is also a 0.1

um Al coating to prevent leakage.

Laser energy Outer diameter CH shell thickness 47 A wall Glue spot diameter Glue spot length DT fill 3He fill
Shot Symmetry (kJ) (um) (i) (um) (um) (pm) (atm) (atm)
79358 Sym. ref. 257 872 14.4 0.2 77.05 98.12 11.0 6.9
79359 Asym. A 227 872 14.5 04 83.15 97.56 124 78
79362 Asym. B 232 873 14.5 0.2 61.53 85.37 12.3 78
79363 Asym. A 232 870 14.3 0.2 56.54 80.93 12.0 76
79364 Asym. B 235 875 14.2 0.1 61.53 79.82 11.8 75

azimuthal angles. The three plus signs in each panel represent
the locations of the three nTOF detectors, from left to right 15.8
mntof, 12 mntof, and 5.0 mcvd; the star represents the location
of the stalk mount. Figure 2(a) shows the nominal (requested)
mode 2 drive asymmetry. The as-shot laser drive is character-
ized on each OMEGA implosion, with measurements of both
energy (using the harmonic energy detector) and timing (using
the P510 streak cameras) of each beam.”®”’ These measure-
ments come with the caveat that they are made outside of the
target chamber and have to be corrected for transmission
through the final optics assembly/blast shield windows on the
way to TCC. However, the experiments described here were
executed two days after blast shield replacements, which means
that the beam energy balance measurements are expected to be
accurate. Figure 2(b) shows the measured, as-shot laser drive for
shot 79359. The small differences seen compared to the nominal
drive in Fig. 2(a) are captured in post-shot simulations, which
include the measured, as-shot drive. As-shot capsule offsets are
inferred from images recorded using a system of five x-ray pin-
hole cameras.”’ For shot 79359, the offset was determined to be
16 um in the direction 60, = 152°,4°. Considering both the cap-
sule offset and the as-shot laser drive in the VisRad simulation of
on-target laser intensity gives the result shown in Fig. 2(c).
Again, some differences can be seen compared to the nominal
drive in Fig. 2(a), but they are not large enough to significantly
impact the experiment as will be shown below. The final obvious
additional factor to impact the drive is the stalk mount. This is
not as easily captured in VisRad simulations. Figure 2(d) shows
the result of a VisRad simulation including the glue spot and as-
shot drive but not the capsule offset. Unfortunately, the only
thing this simulation really shows is the anticipated weak spot in
the drive under the glue spot itself. The impact of this on the
implosion cannot be determined based on this simplified picture.

The implosion intended as a symmetric reference will also
be impacted by these effects. Figure 3 shows the VisRad-
simulated laser intensity plot for symmetric reference shot
79358, considering the measured as-shot laser drive and capsule
offset (for this implosion, the measured offset was 8.5 ym in the
0,90 = 93°,355° direction). There is an apparent mode 1 of about
6% peak-to-valley in this implosion to be compared to the 29%
mode 2 seen in the equivalent plot for shot 79359 in Fig. 2(c). The
hollow star in Fig. 3 indicates the direction of the offset. The fact
that the mode 1is not in the direction of the offset suggests that
the intrinsic mode 1 drive asymmetry has a stronger impact on
this implosion than the offset does.

Figure 4 shows the VisRad-simulated laser intensity distri-
butions considering offset and as-shot asymmetry for the four
intentionally asymmetrically driven implosions. Figures 4(a) and
4(c) represent the Asym. A implosions, while the Asym. B implo-
sions are illustrated in Figs. 4(b) and 4(d). The hollow blue stars
represent the direction of the offset for each implosion; offset
magnitudes were determined to be 16 um for shot 79359, 10 yum
for shot 79362, 16 um for shot 79363, and 16 um for shot 79364.
Note that the offset directions are very similar for the two Asym.
B implosions [Figs. 4(b) and 4(d)], which leads to near identical
intensity distributions for these two shots. For the two Asym. A
implosions [Figs. 4(a) and 4(c)], the offset directions are more dif-
ferent, which manifests as slightly more visible differences in the
intensity distributions in this case.

Figure 5 shows Ti,, measured using the 12 mntof, 15.8
mntof, and 5.0 mcvd detectors, with the symmetric reference
implosion (green diamonds) contrasted to the two Asym. A
implosions in panel (a) and the two Asym. B implosions in panel
(b). The first thing to note is that an apparent Tj,, asymmetry is
observed for the symmetric shot, with a higher measured T,y in
the 12 mntof LOS. It cannot be ruled out that this apparent dif-
ference is a detector-to-detector calibration issue. Since the
three nTOF detectors are routinely recalibrated against each
other on warm implosions such as these, if there was a system-
atic difference due to, e.g., the stalk effect, it would be calibrated
out (warm implosions are almost always held by the same TPS2
target positioner using similar mounts). For this reason, when
we look at the asymmetrically driven implosions, we chose to
study these in relation to the symmetric reference. The second
thing to note in Fig. 5 is that the Tjo, results for the Asym. A
implosions are incredibly consistent between the two shots
(79359 and 79363), while for the Asym. B implosions, there are
much larger variations between the two shots (79362 and
79364). This is in contrast to the more similar as-shot drives for
the two Asym. B implosions compared to that for the two Asym.
A implosions (Fig. 4), indicating that the small differences in as-
shot drive due to the capsule offsets do not significantly affect
our results. It is also in contrast to the larger “4nA wall” varia-
tions between the two Asym. A than between the two Asym. B
capsules (Table 1), also indicating that the small variations in wall
thickness around the capsules do not significantly impact the
observations. For Asym. A, the stalk is at 37° to the asymmetry
axis, while for Asym. B, the stalk is at 71° to the asymmetry axis.
We conjecture that the lesser consistency for two Asym. B
implosions is likely a result of jetting from the stalk mount
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FIG. 2. Laser intensity versus polar and azimuthal angle for shot 79359 as simu-
lated using VisRad, (a) with the nominal drive, (b) with as-shot drive asymmetry, (c)
including measured as-shot offset, and (d) including stalk and glue spot but not
including offset. The three plus signs represent the locations of the three nTOF
detectors, from left to right 15.8 mntof, 12 mntof, and 5.0 mcvd, and the star repre-
sents the location of the stalk mount.
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FIG. 3. VisRad-simulated laser intensity distribution considering measured capsule
offset and as-shot drive for symmetric reference implosion 79358. The three plus
signs represent the locations of the three nTOF detectors, from left to right 15.8
mntof, 12 mntof, and 5.0 mcvd, the solid star represents the location of the stalk
mount, and the hollow star represents the direction of the offset.

interfering with the seeded mode 2 asymmetry in this case,
making the flow field harder to predict. For Asym. A, a consistent
enhancement in measured Tjo,, relative to the symmetric implo-
sion is seen for the 15.8 mntof detector, which is located nearly
parallel to the imposed mode 2 asymmetry. For Asym. B, an over-
all increase in apparent Tj,, is observed relative to the symmet-
ric shot. The overall increase in average T, on all asymmetric
shots, which is seen in spite of the 10% lower total laser energy
on these implosions relative to the symmetric case, demon-
strates that enhanced flow was achieved in these implosions as
intended. The results are contrasted to simulation in Sec. IV.

Table II lists the DT neutron yields on these implosions as
measured with the 12 mntof, 15.8 mntof, and 5.0 mcvd neutron
spectrometers. The precision quoted in the yield measurement
from each detector is better than 1%, but the measurements
from the three are different by ~5%. We take the yield to be the
average of the three measurements and the uncertainty to be
the standard deviation. An average DT yield reduction of 36% is
observed between the symmetric and asymmetric implosions. A
carefully balanced mix of D/T/He fuel was used in these
experiments to allow simultaneous measurements of DT-
neutron and D*He-proton yields. Table 11 also lists the D*He-
proton yields inferred from Wedge Range Filter (WRF)"' proton
spectrometers in TIM4 with 60,9 = 63.4°,342.0° and P2NDI with
0,p = 57.6°, 54.0°, from the magnetic recoil spectrometer
(MRS)** with 0, = 119.3°, 308.0°, and from two charged-particle
spectrometers, CPS1** with 0,p = 63.4°, 198.0°, and CPS2 with
0, = 37.4°,18.0°. Again, the standard deviation between the five
measurements is taken as the uncertainty. The average yield
reduction observed for the D®He reaction between the symmet-
ric and asymmetric shots is 46%.

As discussed in the Introduction, Ti,, inferred from the
broadening of primary neutron spectra will always be impacted
by any residual flows in the implosion at burn. An alternative,
flow-independent way of inferring Ti,, is the yield ratio
method,** where T, is determined from the relative yields of
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FIG. 4. VisRad-simulated laser intensity distribution considering measured capsule offset and as-shot drive for Asym. A shots 79359 (a) and 79363 (c) and for Asym. B shots
79362 (b) and 79364 (d). The three plus signs represent the locations of the three nTOF detectors, from left to right 15.8 mntof, 12 mntof, and 5.0 mcvd, the solid star repre-
sents the location of the stalk mount, and the hollow star represents the direction of the offset. The plots demonstrate that the as-shot asymmetry for the two Asym. B shots
(79362, 79364) is much more similar than the as-shot asymmetry for the two Asym. A shots (79359, 79363).

two reactions whose reactivities have a different Tj,, depen-
dence. Tjon inferred from this method, using the yields from
Table 11, reactivity parametrizations from Ref. 45 and neglecting
profile effects, is contrasted to nTOF-measured Tj,, in Fig. 6.
Unfortunately, the yield ratio method T, error bars, which are
dominated by the uncertainty in the D*He-proton yield mea-
surement, are too large to meaningfully contribute any addi-
tional information on the impact of flow.

Each of the five proton spectrometers measures the proton
energy spectrum. As an example, the CPSl-measured proton
spectrum from Asym. A shot 79363 is shown in Fig. 7. Because of
the D/T/*He gas-fill and the CH shell, there are two components
to the spectra: knock-on protons (KO-p), from DT-neutrons elas-
tically scattering on protons in the shell, and D*He protons. The
spectra are analyzed using a Gaussian to describe the D*He peak
and an MCNPX-simulated’® component to describe the KO-p
continuum. In addition to the D*He yield, the D*He proton energy
downshift and the KO-p yield are also determined from the data.
The latter two quantities are used to infer the areal density (pR) of
the implosions, with the total areal density (fuel and shell) inferred
from the energy downshift,"” and the shell areal density inferred
from the ratio of KO-p yield to primary DT neutron yield.** Total
pR values inferred from all measured proton spectra are listed in

Table 11I. These numbers are inferred from the measured D*He-p
mean energy using 1D-simulated profiles of the implosion to cor-
relate the downshift to pR as calculated from the center of the
implosion. Also included in Table III is the angle between each
proton spectrometer and the stalk that holds the target. As can be
seen, the inferred pR is consistently low for the P2NDI line-of-
sight, which is closest to the stalk. This is expected from simula-
tions, as is further discussed in Sec. IV (Fig. 22). Section IV also
includes a discussion of how the drive asymmetry manifests in
the pR measurements (in the context of Fig. 23).

In addition to the nuclear data, self-emission x-ray images as
a function of time were also recorded on two of these implosions
(79363 and 79364) using a framing camera located at 0,¢
= 374°,162.0°. With this fixed viewing angle, the camera is expected
to see 98% of the imposed Asym. A and 67% of the imposed Asym.
B. Two example images from Asym. A implosion 79363 are shown
in Fig. 8. Implosion size and the magnitude of the mode 2 asymme-
try are inferred from these images using the method described in
Ref. 49. The results are contrasted to numbers inferred from simu-
lated synthetic x-ray images in Sec. IV (Fig. 20).

Backscattered laser light was measured on these implo-
sions using time-resolved full-aperture backscatter calorime-
try.”” The absorbed laser light fractions inferred from these data

Phys. Plasmas 26, 012706 (2019); doi: 10.1063/1.5066435
Published under license by AIP Publishing

26, 012706-5


https://scitation.org/journal/php

Physics of Plasmas

(a) Asym. A

o
o

79359 79363

A

&
N

Apparent DT T, (keV)
[&)]
oo

54 1
Symm. ref. 79358
5.0
L (b) Asym. B
66 [ (b) Asym
2 : 79359~+
3 [
§62 1
- [ 79363 —><}> %
= L
Q581 +
= I
= | ?
g 54 1 {
< I Symm. ref. 79358

50 4

12mntof 15.8mntof 5.0mcvd

FIG. 5. Measured T, on (a) the two Asym. A shots (red circles) contrasted to the
symmetric reference (green diamonds) and (b) the two Asym. B shots (blue circles)
contrasted to the symmetric reference (green diamonds).

(listed in Table 1V) are used to constrain simulations. For spheri-
cal shots, the scattered light at any point in the target chamber
is a superposition of scattered light from all 60 beams, and the
absorption measurements are not expected to be particularly
affected by the lower intensity in some of the beams for the
asymmetric implosions.

I1l. SIMULATIONS

Several different simulation tools were brought to bear on
these experiments to interpret the results. These include 1D
LILAC,”' 1D and 2D xRAGE,*®°*°® 3D ASTER”"” and 3D
Chimera,” with the latter initialized with 1D HYADES.”” Results
from each are briefly discussed below.

A.1D LILAC

LILAC” is an extensively benchmarked 1D Lagrangian
radiation-hydrodynamics code routinely used to simulate

TABLE II. Measured DT-neutron and D*He-proton 3yields. The DT neutron yield is
the average between three nTOF LOS, and the D°He proton yield is the average
between five proton spectrometer LOS. The quoted uncertainties represent the stan-
dard deviation of the individual measurements.

Shot Symmetry DT-n yield (x 102 D*He-p yield (x10%)
79358 Sym. ref. 1.6+ 03 54+ 16
79359 Asym A 55+03 25+ 04
79362 Asym B 65+ 04 22+06
79363 Asym A 86+03 33+12
79364 Asym B 89 +02 38 =06
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FIG. 6. Ty, inferred using the ratio method (black triangles) compared to T, as
measured using the nTOF detectors (blue circles for 12 mntof, red diamonds for
15.8 mntof, and green squares for 5.0 mcvd). Note the much larger uncertainty in
the ratio method Tio,, Which is primarily driven by the uncertainty in the D°He-p
yield measurement.

direct-drive OMEGA implosions. Because it is 1D, it cannot con-
sider imposed low-mode asymmetries. However, it was used to
give a baseline 1D comparison simulation of implosion 79363.
The results are summarized in Fig. 9. Panel (a) shows the
Lagrangian radius versus time plot illustrating the overall time
evolution of the implosion, with the solid blue line representing
the fuel-shell interface. Also shown for comparison is the mea-
sured fuel-shell interface as a function of time inferred from
self-emission x-ray imaging (blue squares); the LILAC simulation
is seen to capture the overall dynamics of the implosion very
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FIG. 7. Example proton spectrum showing how pR was measured. This is the
CPS1 data from shot 79363. There is a detector cutoff at ~9.5MeV. The peak at
13.8MeV is the D°He protons, while the continuum towards lower energies is
knock-on protons (KO-p) from elastic scattering of DT neutrons in the CH shell.
The two-component fit (total fit solid red curve, KO-p dashed blue curve, and D°He-
p broken red curve) is limited to E, > 11 MeV.
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TABLE III. Total areal density (oR) in five different LOS as inferred from the mea-
sured D°He-proton energy downshift compared to the nominal D®He-p birth energy
of 14.7 MeV.

Total pR (mglem?)
Angle to
stalk (deg)

Shot 79358 79359 79362 79363 79364

TIM4 359 +33 403 +35 339+25 38336 27830 792
P2NDI 285+ 36 29030 301 =36 285*+25 30836 328
MRS 423 £56 44056 29355 33.7*=55 27755 1437
CPS1 314x74 359x70 31884 284*69 393 =81 79.2
CPS2 426 =71 38185 40270 451+91 345+72 418

well. Panel (b) shows the fuel-averaged Tj,, and electron tem-
perature (Tejectron), panel (¢) burn-averaged DT, D>He, and ratio
Tion, and panel (d) total and shell pR, all as a function of time.
Figure 10 shows the instantaneous LILAC-simulated radial Tiop,
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FIG. 8. Example self-emission x-ray images taken at t= 1104 ps (a) and t = 1283
ps (b) for shot 79363. The framing camera used to record the images is located at
0, = 37.4°,162.0° and is expected to see 98% of the imposed asymmetry for this
Asym. A implosion. Note that the ellipticity can be seen to grow with time—a mode
2 of 4.0% is inferred for the image in (a) and a mode 2 of 9.6% is inferred for the
image in (b). Size and ellipticity results as a function of time inferred from images of
this type are contrasted to simulations in Fig. 20.
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TABLE V. Absorbed laser light fractions as inferred from scattered light
measurements.

Shot Absorbed laser light
79358 55 + 2%
79359 61 + 4%
79362 60 = 8%
79363 61 = 1%
79364 60 = 10%

Telectron, and density (p) profiles at the simulated bang time
[L5ns, panel (a)] and shortly after burn [L6ns, panel (b)]. The
fuel-averaged Tion and Tejectron in Fig. 9(b) represent a straight
average over all radial elements in the fuel (but excluding shell
elements). The burn-averaged T, in Fig. 9(c), on the other hand,
is weighted by the expected yield (Y) as a function of the radius,
with Y ~ p? x (6V(Tion)) x volume. Note that these numbers rep-
resent expected thermal Tj,, and do not consider any impact of
flow.

The first important observation to be made here is that T,
and Telectron are not expected to be the same for these experi-
ments; as can be seen from Fig. 9(b), Tion grows faster than
Telectron and the equilibration time is long on the time scale of
the implosion. This is interesting as measurements of Tejectron
have been proposed as an alternative to Tj,, measurements in
an attempt to circumvent the flow problem and get a measure-
ment of the thermal Tj,, needed as input for calculating the
pressure performance metric frequently used to gauge progress
towards ignition."'”*” While Tjo, and Tejectron are expected to be
more similar for cryogenically layered implosions than for the
shots studied here, any attempts to infer thermal Tj,, from mea-
sured Teectron Must consider expected differences between
these two quantities.

The second important observation to be made based on the
LILAC results is that we do not expect DT, D3He, and ratio Tio,
to give identical answers even in the absence of flows. The dif-
ferences seen between these three quantities in Fig. 9(c) arise
simply due to radial profile /reactivity effects.

B. 3D Chimera

The most extensive post-shot simulations of this experi-
ment have been done using the Eulerian-mesh 3D Chimera
code.” Chimera is initialized with 1D HYADES simulations after
laser turn-off but before the shock hits the center. A number of
HYADES simulations with varying laser powers are used to
mock-up the as-shot drive asymmetry; drive powers are
adjusted to match the average measured absorbed energies
(Table IV). Importantly, the simulations do not consider the cap-
sule stalk mount. The actual locations of the nTOF detectors and
the x-ray framing camera are considered when generating syn-
thetic diagnostic results from the simulations. Full neutron
spectra are calculated for each nTOF LOS and a synthetic “Tjo,”
inferred by fitting a Gaussian to these neutron spectra.

A “no-flow,” thermal Tj,, is also easily calculated from the
simulation by neglecting flow broadening contributions to the
neutron spectra. Average, minimum, and no-flow Chimera-
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oF metrically driven implosions, the difference between thermal
60— and minimum Tj,n is even larger, ranging from 0.7 to 0.8 keV. This
E is an important observation—minimum Tion has»been frequently
50 used in calculations of implosion pressure**® because it is
& assumed to be closest to thermal, but we see that even minimum
E 40;_ Tion is unlikely to be a good representation of the thermal Tiop.
g soF Figure 12 shows the Chimera-simulated time evolution of
x F inferred Tjon for Asym. A shot 79359. For this implosion, the 5.0
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FIG. 9. 1D LILAC simulations of shot 79363. (a) Lagrangian radius versus time Ol 4
plot where gray curves represent the time evolution of fuel elements, black the “E’ Tt
time evolution of shell elements, and the thick blue curve the fuel-shell inter- c A A A
face trajectory. Also shown is the fuel-shell interface inferred from self- 044 1 A
emission x-ray imaging on shot 79363 (blue squares bg Fuel-averaged Ty, i no-flow
(solid black) and Tejectron (dashed red) history, ( (solid red) and 4 } } " }
DT (dashed black) burn-averaged Ty, and Tio, |nferred from the 5|mulat|on 79358 79359 79362 79363 79364
using the ratio method (broken blue), and (d) total (sol|d black) and
fuel (dashed red) pR. The burn-averaged total pR is 38.9 mg/cm?, and fuel pR FIG. 11. Average, minimum, and thermal (no-flow) T, simulated using 3D
is 6.6 mg/em?. Chimera for each of the five implosions studied for this paper.
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FIG. 12. Chimera-simulated Ti,, versus time for shot 79359. The black (lowest)
curve represents the no-flow Ti,,. The 5.0 mevd (green), 12 mntof (blue), and TIM6
(cyan; not used in the experiment) detectors are all located approximately perpen-
dicular to the imposed drive asymmetry for shot 79359, while 15.8 mntof (red) is
located parallel to the imposed asymmetry. The simulated burn pulse is shown in
red (right scale). The T, asymmetry flips during the burn pulse for this mode 2
experiment—early in the implosion, the detectors perpendicular to the asymmetry
see the highest apparent T, while late in the burn pulse, the detector parallel to
the asymmetry sees the highest apparent Ti,,. The cross-over happens when out-
flow starts along the asymmetry axis.

mcvd, 12 mntof, and TIM6 (which was not used in the experi-
ment) detectors are all located roughly perpendicular to the
imposed asymmetry, while the 15.8 mntof detector is located
nearly parallel to the asymmetry. We see that early on, when the
implosion is still compressing along all axes, a higher apparent
Tion is expected to be observed for the detectors perpendicular
to the asymmetry. This is consistent with the laser pushing
harder on the implosion here, introducing a faster fuel flow. The
simulated burn pulse is also plotted in Fig. 12 (right axis). As can
be seen, shortly before peak burn, the T;,,, asymmetry flips, with
higher apparent Ti,, now expected parallel to the imposed
asymmetry. The cross-over point represents the time when out-
flow starts along the asymmetry axis. According to the Chimera
simulations, most of the implosion yield is generated after the
cross-over point, leading to maximum time-integrated Tion
observed parallel to the imposed asymmetry. However, this plot
clearly emphasizes how challenging it is to predict the impact of
the mode 2 on implosion observables. A slight change in the rel-
ative timing of burn and outflow along the asymmetry axis could
flip the asymmetry and give maximum Tj,,, perpendicular rather
than parallel to the imposed mode 2. Such a timing change
could, e.g., result from burn truncation, which could arise due
to, e.g., mix caused by high-mode asymmetries or stalk jetting.
Comparing Chimera simulations considering only the nom-
inal, requested laser drive to the final simulations using the
as-shot drive demonstrates that the as-shot drive gives a sub-
stantially reduced Tj,, asymmetry compared to the nominal
drive, by of order 1keV. This is because the intrinsic asymmetry
in the drive interferes with the axial symmetry of the mode 2

scitation.org/journal/php

and reduces the coherence of the outflow along the asymmetry
axis. We also note that running Chimera with multimode asym-
metries in addition to the imposed mode 2 leads to an overall
increase in apparent T, (due to additional overall flow broad-
ening) but does not eliminate the T;,,, anisotropy.
Chimera-simulated yields and Tj,, are summarized in
Table V. The Chimera simulations do not have *He added in the
fuel, but the yield numbers in the table have been corrected to
account for this based on empirical observations of a factor 2
reduction in yield between 50:50 D:T implosions (average DT
yield 2.4 x 10" for reference shots 70871, 70878, and 70879) and
our symmetric D:T:*He reference (1.2 x 10" yield) (the raw simu-
lated yields were multiplied by 0.5 to give the values in Table V).

C. 3D ASTER

The 3D code ASTER, which has been previously used to
model the impact of asymmetries on direct-drive OMEGA implo-
sions,””""*" has been used to model one of our implosions, 79363,
with Asym. A imposed. ASTER is an Eulerian code optimized for
direct drive implosions. It uses simplified models for heat trans-
port and for 3D laser ray tracing. Like Chimera, it also does not
include the capsule stalk mount. The post-shot simulation for
79363 implemented the measured, as-shot drive. The simulated
absorption fraction was 60.2%, compared to measured 61 = 1%.

The ASTER simulations do see significant distortions due to
the imposed mode 2 as expected. Contour plots of density and
Tion at peak neutron production (t=1.548 ns) are shown in Fig.
13. A clear ellipticity is seen with the points in the direction of
the imposed asymmetry.

Figure 14 shows the ASTER-simulated expected neutron
spectra for shot 79363 in the 12 mntof, 5.0 mcvd, and 15.8 mntof
LOS, along with the no-flow spectrum. Apparent T;o, = 4.15keV
is inferred from the synthetic 12 mntof and 5.0 mcvd spectra
perpendicular to the imposed mode 2, while T, = 4.10keV is
inferred from the synthetic 15.8 mntof spectrum, parallel to the
imposed mode 2. This means that the ASTER simulations show a
minimal enhancement (50 €V) in apparent Tj,, in the lines-of-
sight perpendicular to the imposed asymmetry (in contrast to
Chimera, which showed the Tj,, enhancement parallel to the
imposed asymmetry). A small overall enhancement in apparent
Tion (4.1keV) compared to thermal T;o,, (3.8 keV) is also seen. This

TABLE V. Chimera-simulated yields and T, for each LOS for each of the five implo-
sions studied here. Also shown is the thermal “no-flow” Ty, (v = 0), which is inferred
if broadening due to flow is eliminated from the simulated neutron spectra. Note that
Chimera does not include *He in the fuel. The simulated yields have been adjusted
to account for this.
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Tion (keV)
Yield
Shot (x10™) v=0 5.0 mevd 15.8 mntof 12 mntof
79358 345 4.89 5.28 5.24 5.26
79359 1.61 439 5.24 6.04 5.12
79362 1.94 452 5.61 533 573
79363 1.92 452 5.31 5.86 521
79364 1.99 455 567 5.37 5.79
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level of enhancement is consistent with an overall average
velocity (with random direction) of the burning fuel of 128 km/s.
The ASTER-simulated yield comes in at 1.3 x 10", The ASTER
simulation does include *He in the fuel.

D. 1D/2D xRAGE

Unlike Chimera and ASTER, the Eulerian radiation hydrody-
namics code XRAGE™*"” does have the capability to simulate the
impact of the capsule stalk mount.”® xRAGE uses Adaptive Mesh
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FIG. 14. Expected neutron spectra from ASTER. 12 mntof (red, Tio, = 4.15keV),
15.8 mntof (green, Tio, = 4.10keV), and 5.0 mevd (cyan, Tion = 4.15keV) for shot
79363. Also shown is the neutron spectrum with no fuel flow considered (dashed
black line, Tin = 3.82keV).
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FIG. 13. Contour plots of (a) and (b) den-
sity and (c) and (d) T, at peak neutron
emission from 3D ASTER simulations of
shot 79363. (a) and (c) show an equatorial
cross section and (b) and (d) a meridional
cross section. The arrows shown in the
meridional cut indicate the direction of the
two OMEGA diagnostic ports (P2 and
P11) at the center of each reduced-energy
cone.

Refinement (AMR). The use of Eulerian hydrodynamics with
AMR makes XRAGE particularly well suited for modeling engi-
neering features such as the stalk mount. xRAGE can be run in
1D, 2D, or 3D mode, but as 3D simulations require extensive
computational resources, only 1D and 2D simulations have been
done for the implosions studied here. These simulations were
performed with a maximum grid resolution of 0.25um and in a
similar fashion to those detailed in Ref. 36. Two types of 2D
xRAGE simulations were run: (i) with the glue spot but excluding
the imposed drive asymmetry and (ii) with the as-shot drive but
excluding the glue spot (the 2D geometry prevents simultaneous
simulations of both asymmetry seeds). The XRAGE T;o,, results
are summarized in Table VI. Here, BWTI is the burn-weighted
thermal, “no-flow” Tjo,, (note that BWTI is inferred from T;,, in

TABLE VL. T, inferred from 2D xRAGE simulations including either the glue spot
(with no drive asymmetry) or the as-shot drive (with no glue spot). Because of the
2D geometry, both asymmetries cannot be simultaneously considered. BWTI is the
“no-flow” T,n, z and —z are the directions parallel and antiparallel to the imposed
asymmetry, and x is the direction perpendicular to the asymmetry.

Tion (keV)
Average flow enhancement
Shot Sim. type BWTI  z X -z (keV)
79358  Glue spot 527 629 627 6.19 0.98
79358 As-shotdrive 566 6.18 6.24 6.18 0.54
79359  As-shotdrive 4.83 499 514 499 0.21
79362 As-shotdrive 542 611 611 6.12 0.69
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each element of the simulation and not from fitting to the
resulting neutron spectrum, in contrast to Chimera and ASTER-
inferred thermal Tj,n). The geometry is defined so that the asym-
metry is aligned along the z axis (with z and —z being the paral-
lel/antiparallel directions) and the x axis is perpendicular to the
asymmetry. This means that LOS variations in Tjop, are calculated
directly parallel and perpendicular to the imposed asymmetry
and thus over-estimate what could actually be observed with
the nTOFs, which are not perfectly orthogonal. The directional
Tions are inferred from the broadening of synthetic neutron
spectra and do consider flows.

We see from Table VI that LOS variations in Tj,, due to the
glue spot only (as simulated for the symmetric shot) are
expected to be very small, only 0.1keV. The as-shot drive asym-
metry on the symmetric shot is expected to give a LOS variation
in Tion of 0.06keV (pretty close to the Chimera prediction of
0.04keV, Table V). Note that as the measured Tj,, asymmetry
will capture the interplay between the glue spot and drive asym-
metry effects, the numbers cannot be directly compared with
the measurement. However, we see that the order-of-magnitude
variations expected from these effects are 0.1-0.2keV, too small
to be accurately captured outside of error bars with the nTOF
detectors. For the imposed Asym. B (shot 79362), no LOS varia-
tion (0.01keV) in Tjon is predicted; this is thought to be due to the
inherent drive asymmetry counteracting the imposed asymme-
try in this configuration. For the imposed Asym. A (shot 79359),
the 2D simulations predict a LOS variation of 0.15keV, with the
enhancement expected perpendicular to the imposed asymme-
try (consistent with ASTER but in contrast to Chimera). Looking
at Fig. 15, which shows the velocity field from the 2D drive asym-
metry xXRAGE simulations at bang time for shot 79359, we see
that the reason for this is that burn in this simulation happens
while the implosion is still compressing along all axes.

Interestingly, the simulation considering the glue spot only
but not the as-shot drive shows an overall flow enhancement in
inferred Tio, of nearly 1keV. Combining this with the slightly
lower expected enhancement due to as-shot drive gives
expected measured T, significantly higher than thermal Top.
The simulated flow enhancement over thermal T, for all simu-
lations (Chimera, ASTER, xRAGE glue, and xRAGE laser) is sum-
marized in Fig. 16 for easy comparison of the results.

Table VII summarizes the xRAGE-simulated yields. The yield
degradation is surprisingly consistent between shots. The drive
asymmetry has a 20 = 2% impact on the yield (according to
these simulations, the imposed asymmetry for 79359 and 79362
does not do much more than the inherent drive asymmetry for
79358), and the glue spot has a 31 = 3% impact on the yield. Note
that the majority of the difference in yield between the symmet-
ric and asymmetric implosions is captured in 1D; this means that
xRAGE expects the yield reduction to be mostly due to the 10%
lower average laser energy for the asymmetric implosions.

IV. COMPARISON BETWEEN MEASURED AND
SIMULATED RESULTS

In this section, measured and simulated Tip, yield, x-ray
images, burn history, and pR are compared, and implications of
the comparisons are discussed.
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FIG. 15. Velocity field plots at bang time from 2D xRAGE simulations of shot
79359, showing (a) the x component and (b) the y component of the velocity as a
function of radius r along the asymmetry axis z. These plots show that the xRAGE
simulation is still compressing along all axes at the time of burn.
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Average measured apparent Tjo, for each of our five implo-
sions is contrasted to simulated in Fig. 17. Note that the average
plotted is the average for all reporting detectors. This means
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FIG. 16. Average simulated apparent T, minus thermal Ty, (i.e., expected flow
enhancement) from all simulations studied for this paper.
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TABLE VII. xXRAGE-simulated yields.

Shot 1D yield 2D as-shot drive 2D glue spot
79358 245 x 10" 201 x 10" 177 x 10°
79359 152 x 10" 1.23 x 10" 1.01 x 10"
79362 2.09 x 10" 164 x 10" 145 x 10"

that the numbers are directly comparable for ASTER, Chimera,
and the measurements, which all report T, in the 12 mntof, 15.8
mntof, and 5.0 mevd LOS. XRAGE on the other hand reports
numbers parallel, antiparallel, and perpendicular to the imposed
asymmetry, which should be kept in mind when directly com-
paring numbers in Fig. 17. Both XRAGE and Chimera appear to
capture the overall level of Tj,, relatively well. It is important to
remember that while both the stalk mount and the drive asym-
metry are expected to contribute to flow enhancement of Tjp,
the two effects cannot be assumed to be directly additive. A 3D
simulation including both effects would be a very interesting
next step in this work. The Chimera-inferred average Tjon tracks
the measurement remarkably well, with Chimera ~0.3 keV lower
than measured on all implosions. While the reason for the sys-
tematic difference is not known, recall that the stalk mount not
considered in the Chimera simulations is expected from xRAGE
(Table VI) to contribute about 1keV flow enhancement—this
could easily make up the observed difference. The ASTER-
inferred Tj,n comes in significantly lower than measured for
reasons that are not clear at this time. ASTER has been bench-
marked against LILAC, and LILAC gets T, much closer to mea-
sured on these implosions (Fig. 9).

As discussed in Ref. 26, Chimera quite closely reproduces
the observed LOS asymmetry in To,, for Asym. A, where an aver-
age Tion enhancement of ~0.4 keV is seen parallel to the imposed
mode 2 relative to the symmetric shot (compare Table V and Fig.
5) although the measured asymmetry is a little bit weaker than
simulated. For Asym. B, more of an overall enhancement in Top,
relative to the symmetric shot is observed in the experiment,
while Chimera still expects the enhancement parallel to the
imposed mode 2 asymmetry. As discussed in Ref. 26, this com-
parison combined with the geometry of the experiment, with
the stalk at 37° from Asym. A and 71° from Asym. B, suggests that

6.5
g xRAGE glue
6 A Measured
S ¢ ¢
$ .
=551 =
= - Chimera
[0]
g 57 A
§ XRAGE laser
3
4.5
& ASTER
4 +
79358 79359 79362 79363 79364

FIG. 17. Comparison of measured and simulated average Tin.
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the observations can be understood in terms of interplay of
flows seeded by the imposed mode 2 and the stalk. As a
reminder, the Chimera simulations do not consider the stalk
mount. For Asym. A, the stalk at 37° to the mode 2 is conjectured
to be enough to weaken the observed asymmetry but not elimi-
nate it. This interpretation is also supported by the fact that
Chimera simulations with nominal compared to as-shot asym-
metry showed how the as-shot asymmetry weakened the signa-
ture of the imposed asymmetry in the Tj,, LOS variations, which
is really another manifestation of interfering flows. For Asym. B,
the stalk at 71° to the imposed mode 2 is conjectured to more
directly counteract the imposed mode 2, with the interference
between the two asymmetry seeds leading to eliminated LOS
variations in Tjon but a significant remaining flow enhancement
in average Tion. We call this overall interpretation of the Tiop
asymmetry results the “interplay hypothesis.” This hypothesis is
also further supported by x-ray self-emission imaging results
and pR asymmetry measurements, as discussed in Ref. 26 and
further elaborated below. Obviously, a very interesting next step
in fully confirming this hypothesis would again be 3D simula-
tions including the imposed mode 2 and the stalk mount.

While the Chimera results can be reconciled with the data
in this way, the xXRAGE and ASTER results remain a question. The
2D geometry of the XRAGE simulations may dampen an
observed asymmetry due to the artificial rotation of the prob-
lem. As discussed above, the sign of the observed asymmetry
will depend very sensitively on the timing of outflow relative to
peak burn; the dynamics of this process may also be impacted
by the 2D vs 3D geometry. With these caveats, it is still interest-
ing to note that the xRAGE simulations show the smallest
expected LOS variations and the largest overall flow enhance-
ment due to drive asymmetry for Asym. B implosion 79362
(Table VI)—this appears consistent with the experimental obser-
vation of very small LOS differences for Asym. B (Fig. 5).

The sensitive dependence of the Tj,, asymmetry on the
timing of outflow relative to burn (Fig. 12) makes the mode 2
impact on Tj,, LOS signatures challenging to predict. For com-
parison, a mode 1 asymmetry is expected to very consistently
show enhancement in inferred Tj,, parallel to the asymmetry,
with the lowest Tj,, observed perpendicular to the imposed
mode 1 (Fig. 18). For this reason, a mode 1 might present a less
challenging test of the capability of simulations to reproduce an
imposed low-mode asymmetry. This will be tried in future
experiments.

B. Yield

Measured yields are listed in Table I, Chimera-simulated
yields in Table V, and xRAGE-simulated yields in Table VII.
Neither Chimera-simulated nor xRAGE-simulated absolute
yields are expected to be directly comparable to the measured
yields. Chimera does not consider ®*He in the fuel. Each of the
xRAGE simulations (1D, 2D with glue, and 2D with drive asymme-
try) is missing some effect known to have an impact on yield.
However, it is interesting to study the relative yields for the sym-
metric and asymmetric implosions (this comparison cannot be
done for ASTER, which was not run for the symmetric shot).
Measured and simulated yields relative to symmetric are shown
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FIG. 18. Chimera-simulated Ti,, versus time for a hypothetical implosion with a
mode 1 induced by offsetting the target 30-um towards the 15 mntof detector. In
this problem, the 15 mntof detector (red) parallel to the imposed asymmetry gives
maximum inferred Tio, throughout the duration of burn, while the 5.0 mevd (green),
12 mntof (blue), and TIM6 (cyan; not used in the experiment) detectors all located
approximately perpendicular to the imposed drive asymmetry give a lower inferred
Toon- The simulated burn pulse is shown in red (right scale). Because of the consis-
tent sign of the asymmetry as a function of time, the impact of the mode 1 asymme-
try on observed Ti,, should be easier to predict than for mode 2 (compare Fig. 12).

in Fig. 19. The interpretation of these results is complicated by
the significant variation in measured yield between the two
Asym. A implosions (79359 and 79363) and the two Asym. B
implosions (79362 and 79364). The simulations consider the
small measured shot-to-shot differences in shell thickness, cap-
sule size, fill pressure, and as-shot laser energy for each implo-
sion (Table 1), so these factors cannot explain the observed yield
variations. With the exception of XRAGE glue, the simulations do
not consider the glue spots, but there is no obvious systematic
difference between the glue spots used for shots 79359 and
79362 (lower yield) vs 79363 and 79364 (higher yield). With this
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FIG. 19. Yield relative to symmetric as measured (black diamonds), simulated
using Chimera (maroon squares), simulated using 1D XRAGE (blue circles), 2D
RAGE with glue spot and no drive asymmetry (green triangles), and 2D RAGE with
the imposed drive asymmetry but no glue spot (yellow squares).

scitation.org/journal/php

caveat in mind, the first thing to note when looking at Fig. 19 is
that the 1D xRAGE simulations capture a significant fraction of
the observed yield reduction. Since the 1D simulations do not
incorporate any asymmetries, this means that a large part of the
yield reduction can be explained by the 10% reduced overall
laser energy on the asymmetric shots. The second thing to note
is that Chimera captures the yield reduction very well for shots
79359 and 79362 and actually overestimates the yield reduction
for shots 79363 and 79364, leading to an average over-estimate
of the yield reduction. We conjecture that the overestimate
could be because Chimera does not include the stalk. Yield
reduction due to the impact of the stalk mount is obviously
expected to impact both symmetric and asymmetric implosions.
The combined impact of stalk mount-induced yield reduction
and laser asymmetry-induced yield reduction is unlikely to be
directly additive, meaning that the stalk mount alone could have
a more significant impact on the symmetric implosion than the
stalk mount on top of the imposed laser drive asymmetry on the
asymmetric implosions.

The 2D xRAGE simulations all incorporate the laser energy
reduction responsible for the yield reduction in the 1D xXRAGE
simulation. As can be seen from Fig. 19, both the laser drive
asymmetry (2D xRAGE laser) and the glue spot (2D xRAGE glue)
simulations lead to a slight expected additional yield reduction
compared to the 1D simulations. Visually combining the impact
of laser asymmetry and glue (and considering that the effects
may not be directly additive), the xRAGE simulations appear to
reproduce the average measured asymmetry extremely closely
for the Asym. A shots (79359, 79363) and fairly closely for the
Asym. B shots (79362, 79364).

Given the concerns about the impact of low-mode asym-
metries on implosion performance,” *®" the small apparent
reduction resulting from the imposed mode 2 may be surprising.
However, two factors should be kept in mind here. The first is
that the detrimental impact of low mode asymmetries is
expected to grow as a function of implosion convergence.””*
The implosions studied here are relatively low convergence,
which explains why the effect is not so large. The second is that
all of these implosions, including the symmetric reference, are
subject to the detrimental impact of the stalk mount.

C. X-ray imaging: Shell trajectory/mode 2

Implosion trajectories and mode 2 asymmetry amplitudes
have been inferred from measured and synthetic self-emission
x-ray images such as those shown in Fig. 8 using the method
described in Ref. 49. The measured and simulated results are
contrasted in Fig. 20. Synthetic x-ray images from Chimera are
only available at late time because of how the 3D simulation is
initialized after the end of the laser pulse using HYADES simula-
tions. Figure 20(a) shows the comparison of measured and simu-
lated implosion trajectories for Asym. A shot 79363, and Fig.
20(b) shows the same quantity for Asym. B implosion 79364. The
XRAGE results shown come from the 2D drive asymmetry simu-
lations (note that xRAGE results for shots 79359 and 79362 are
used since XRAGE was not run for 79363 and 79364). Excellent
agreement is seen between measured and Chimera- and xRAGE
simulated trajectories, which indicates that these simulations
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capture the overall hydrodynamics of the implosions extremely
well. (The ASTER simulation of 79363 also captures the overall
compression of the implosion well but predicts a slightly slower
implosion than observed in the data.)

Figures 20(c) and 20(d) show the mode 2 amplitude inferred
from the self-emission x-ray images. (As mentioned above, the
x-ray framing camera is expected to see 98% of the mode 2 for
Asym. A and 67% of the mode 2 for Asym. B; this is considered in
Fig. 20). We note that the mode 2 for Asym. A shot 79363 [panel
(c)] is significantly better captured in both Chimera and xRAGE
simulations than the mode 2 for Asym. B shot 79364. This is con-
sistent with an effect not considered in the simulations (the stalk
mount) interfering with the imposed mode 2 for Asym. B, sup-
porting the interplay hypothesis outlined above and in Ref. 26.

D. Burn history

Bang times and burn histories for these experiments were
measured using the OMEGA neutron temporal diagnostic
(NTD).”” Two separate and independent NTDs were used for the
bang time measurement, one in OMEGA port H5 and one in port
P11. The absolute uncertainty in each measurement is =50 ps.
The H5 NTD was not well shielded and was unable to reliably
measure burn-history on these implosions. Unfortunately, the
P11 NTD failed on shot 79359, so no measured burn history is
available for that implosion. The measured bang times are con-
trasted to XRAGE, ASTER, and Chimera simulations in Table VIII.
The xRAGE numbers quoted are from 1D simulations; there are
some variations in 2D, but they are small. Note that the xRAGE
bang times are in excellent agreement with experiment. These
simulations were performed using the laser ray trace to drive
them, and no adjustments were made to the drive. The
Chimera-simulated bang times are also in excellent agreement
with the experiment. As described above, Chimera simulations
were initialized with HYADES simulations mocking up the as-
shot drive, with drive powers adjusted to match the measured
laser absorption. The ASTER simulation bangs later than the
experiment, consistent with the slower implosion trajectory
seen in Fig. 20.

To allow for direct comparison between measured and sim-
ulated burn histories, the simulated burn history must be broad-
ened to account for the broadening effects impacting the
measured data. These effects include’® the impulse response of
the NTD (40 = 10 ps FWHM), thermal broadening of the DT

TABLE VIIl. Measured and simulated bang times (BT). Note that two NTD detectors,
located in OMEGA diagnostic ports P11 and H5, were used to measure the bang
time on these implosions, with the P11 results listed in normal print and the H5
results in italics.

Measured BT RAGE 1D ASTER CHIMERA
Shot (ns) P11/H5 BT (ns) BT (ns) BT (ns)
79358 1.36+0.05/1.36+0.05 1.35 1.359
79359 1.41x0.05 1.39 1.366
79362 1.360.05/1.35+0.05 1.39 1.362
79363 1.39+0.05/1.37+0.05 1.548 1.362
79364 1.36+0.05/1.36+0.05 1.357
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neutron spectrum, and the finite neutron transit time through
the scintillator (20 ps FWHM). Measured burn histories are con-
trasted to Chimera-simulated burn histories in Fig. 21. As can be
seen, the burn width is captured remarkably well in the simula-
tion. Considering the +50 ps uncertainty in the absolute timing
of the NTD, the timing of burn is also well reproduced in the
simulation.

The excellent agreement between Chimera simulations and
measured burn histories (Fig. 21) as well as measured shell tra-
jectories (Fig. 20) provides confidence in Chimera getting the
hydrodynamics of the implosions right. However, it is important
to note in this context that because of the very sensitive depen-
dence on the Tj,, asymmetry on the relative timing of outflow
and burn (Fig. 12), any burn truncation effects could have a sig-
nificant impact on the predictions. It is conceivable that other
perturbations apart from the imposed mode 2 and the stalk
mount (e.g., higher mode perturbations) could cause the burn to
truncate before there is significant outflows from the mode 2. If
this happened, it could easily lead to the expected sign of the
Tion asymmetry flipping; since the nTOFs are only capturing the
flow field during burn, they give no information on the flow field
in the cold plasma after burn truncation.

E. Areal density

Implosion pR has been inferred from the xRAGE, Chimera,
and LILAC simulations. Total pR as a function of the angle to the
stalk determined from the xRAGE simulation with glue spot is
contrasted to total pR inferred from the measured D*He-p
downshift in Fig. 22. Since this XRAGE simulation considers only
the glue spot and not the imposed drive asymmetry, the most
appropriate comparison is to the measured numbers for sym-
metric reference implosion 79358 [Fig. 22(a)]. We find that while
the xRAGE simulation underestimates the overall pR amplitude,
it closely reproduces the shape of the measured pR. For the
asymmetric implosions, we expect some additional impact from
the imposed mode 2 not captured in the xRAGE simulations. The
measurements for the asymmetric implosions consequently also
show more scatter in inferred pR [Figs. 22(b) and 22(c)]. However,
it is interesting to note that the xRAGE-predicted “weak spot” in
pR is seen in the measurements for all implosions. This provides
clear evidence of the impact of the stalk on the implosions.

The expected signature of mode 2 in the pR distribution has
been simulated using Chimera. Chimera-simulated, D*He-burn-
weighted total pR for asymmetric implosions 79359 (Asym. A)
and 79362 (Asym. B) are shown in Figs. 23(a) and 23(b), together
with the locations of the five proton spectrometers used in the
experiment. As expected, the pR asymmetry closely follows the
imposed drive asymmetry, with weak spots in the region of low
drive intensity and higher pR in the region of high drive intensity
(compare Fig. 4). For easy comparison to the measurements in
Fig. 22, the Chimera-simulated pR in the LOS of each observing
proton spectrometer is shown as a function of the angle to the
stalk and together with the 2D xRAGE-simulated pR in Fig. 23(c)
(although note that the scales are different between Figs. 22 and
23). We see that for Asym. A [red circles in Fig. 23(c)], the mode 2
drive asymmetry is expected to have a similar signature as the
stalk. For Asym. B on the other hand, a relative enhancement in
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pR is expected closest to the stalk due to the drive asymmetry.
The fact that a weak spot is seen in the measured pR in this
region indicates that the impact of the stalk on the pR dominates
over the impact of the drive asymmetry. We also note that at the
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FIG. 20. Comparison of measured
(square data points) and simulated (lines)
shell trajectory (a) and (b) and mode 2
amplitude (c) and (d) inferred from self-
emission x-ray imaging for Asym. A shot
79363 (a) and (c) and Asym. B shot
79364 (b) and (d). Solid gray lines repre-
sent xRAGE-simulated results (from the
2D drive asymmetry simulation), dashed
red lines ASTER simulations, and dotted
black Chimera simulations.

angles furthest from the stalk, the imposed drive asymmetry is
expected to give rise to a relative weak spot in pR for Asym. B
and a relative enhancement for Asym. A; this difference is also
observed in the measured data [compare Figs. 22(b) and 22(c)].
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FIG. 21. Comparison of measured and
Chimera-simulated burn histories for (a)
shot 79358, (b) shot 79362, (c) shot
79363, and (d) shot 79364. All curves
have been area normalized to the mea-
sured yield for easy comparison. The dot-
ted black curve represents the measured
burn history, the dashed red curve the raw
Chimera-simulated burn history, and the
solid blue the Chimera-simulated burn his-
tory considering broadening effects
impacting the measurements. The solid
blue and dashed black curves should be
directly comparable.
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FIG. 22. Plot of total pR measured on (a) symmetric reference implosion 79358,
(b) Asym. A implosions 79359 and 79363, and (c) Asym. B implosions 79362 and
79364. Also shown in each panel is the XRAGE-simulated pR (solid gray curve) for
the glue spot only case.

When comparing the absolute pR values inferred from sim-
ulation and the measurement, it is important to keep in mind
that some assumptions are required to obtain a pR from the
measured D*He-proton energy downshift. Recall that in the
analysis for this paper, pRs are inferred from the measured
D®He-p mean energy using 1D-simulated profiles of the implo-
sion to correlate the downshift to pR (the 1D-profiles used for
this are the LILAC-simulated t =1.5 ns profiles shown in Fig. 10).
More work is needed to confirm that this gives accurate abso-
lute numbers for asymmetric implosions. The most direct com-
parison would be between simulated and measured proton
spectra. The capability to generate synthetic proton spectra
from the Chimera simulations is under development and will be
used in future comparisons.

Burn-averaged total and shell pR are also inferred from the
1D LILAC simulation. These numbers are contrasted to measure-
ments for shot 79363 in Fig. 24. As can be seen, in contrast to
xRAGE and Chimera, LILAC more closely reproduces the mea-
sured level of both the shell and total pR.

V. SUMMARY AND CONCLUSIONS

In this paper, we have described a set of experiments with a
mode 2 asymmetry in the laser drive intentionally imposed to
test our ability to predict and measure the impact of this
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FIG. 23. Chimera-simulated total pR, calculated from the center of the implosion
and weighted by the D*He burn history. Panels (a) and (b) show the angular pR
distributions for Asym. A shot 79359 and Asym. B shot 79362, respectively. Also
indicated in these panels are the locations of the proton spectrometers used (plus
signs) and of the stalk (star; note that the stalk is not considered in the Chimera
simulations). Panel (c) shows the Chimera-simulated pR in the LOS of the proton
spectrometers used for each shot together with the 2D xRAGE-simulated pR.

asymmetry on fuel flows in the implosion and their impact on
LOS variations in Tjon. The overarching goals of this experiment
were to learn to interpret signatures in neutron spectra in terms
of the velocity field in the implosion and more broadly to
develop an understanding for the velocity field in the implosion
and how closely measured Tio, represents thermal Tiop.

We importantly conclude from this work that interference
between flows introduced from different asymmetry seeds
must be considered when interpreting the results (the interplay
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FIG. 24. Comparison between 1D-LILAC-simulated (lines) and measured (points
with error bars) pR, with total pR (D*He-p) shown as a red solid line and hollow
circles and shell pR (KO-p) as a brown dashed line and solid squares.

hypothesis; this conclusion was first reported in Ref. 26).
Specifically, the results are expected to be well captured by
a combination of flow seeded by the induced mode 2 asym-
metry and flow seeded by the capsule stalk mount. This con-
clusion is based on comparison of 3D Chimera simulations
not including the stalk with measured Tj,, LOS asymmetry
data and with measured self-emission x-ray imaging of the
mode 2 amplitude.

The impact of the stalk is also evidenced by the experimen-
tal confirmation of a pR “weak spot” in the vicinity of the stalk
predicted from 2D xRAGE simulations including the stalk mount.
This result clearly indicates the importance of the stalk as an
asymmetry seed impacting OMEGA direct drive implosions.
Interestingly, the recent statistical analysis of results from
OMEGA cryogenically layered implosions compared with simu-
lations indicates the presence of a systematic asymmetry seed
for all implosions;” the present work suggests that this asymme-
try seed is most likely the stalk.

We note that non-Maxwellian ion distributions due to tail
ion depletion®”°" would not impact the conclusions in this
paper. The effect of such distribution modifications would be to
reduce the observed thermal Tj,, because the lost highest-
energy ions will no longer be available to undergo fusion and
thus to generate neutrons. This paper addresses line-of-sight-
dependent enhancement over thermal in the measured Tj,,, due
to asymmetric flows. Such flow enhancement will not be
impacted by non-Maxwellian effects.

As discussed in Ref. 26, the interplay hypothesis allows for
self-consistent interpretation of observations from cryogeni-
cally layered implosions at OMEGA and the National Ignition
Facility (NIF) previously found hard to reconcile. On NIF implo-
sions, large differences in inferred deuterium-deuterium (DD)
and DT Tj,, indicate the presence of flow, while minimal LOS
variations in T, are observed.” On OMEGA, on the other hand,
large LOS variations in T;,,, have been routinely observed.””” On
the NIF, implosions are expected to be impacted by a mode 2 in
the laser,””®® a mode 4 from the capsule support mount
(“tent”),** °° and a mode 1 from the fill tube.®” With the interplay
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hypothesis in mind, it is easy to imagine how interference of
flows from these various sources could give rise to large flows
but small observable T, asymmetries. OMEGA implosions, on
the other hand, are expected to be impacted by a mode 1 asym-
metry in the laser drive,” mode 1 due to the stalk,”>*° and mode
1 due to capsule offsets.” When the various asymmetry seeds
align, we would expect large T;o,, variations, while when they do
not, smaller variations would be expected.

All simulations brought to bear to model the asymmetries
discussed in this paper, including 3D ASTER, 3D Chimera, and
2D xRAGE, indicate that thermal Tj,, in these implosions is sub-
stantially lower than Ti,, inferred from neutron spectra.
Simulations including 1D LILAC also show a Tejectron that is sig-
nificantly different than T;,, emphasizing the importance of
considering expected differences when attempting to measure
Telectron to get at the thermal Tigp,.

To fully nail down the impact of low-mode asymmetries
on implosion flow field and performance and to learn how to
mitigate these effects, improved simulations will be
required. All simulation tools used in this work are seen to
have some capability to capture the effect of asymmetry
seeds, but all are missing some important aspects of the
problem with no single simulation capturing all effects at
play. Significant differences are also observed in the results
obtained from the different simulation tools. Future work
should include full 3D simulations considering the capsule
stalk mount, as well as further benchmarking experiments
with known seeded asymmetries.
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